Continuous positive airway pressure (CPAP) treatment improves endothelial function and sympathetic activity in patients with obstructive sleep apnea (OSA). However, the long-term effects of CPAP on pulse wave velocity (PWV), which reflects arterial stiffness that is associated with cardiovascular events, have not been evaluated in OSA patients with or without hypertension (HT). In this study, 212 male OSA patients who had been receiving CPAP treatment for 2 years and were divided into two groups, those with HT (n¼114) and those without (n¼98), were studied. In both HT and normotensive (NT) patients, PWV decreased significantly over the first 6 months of treatment (P¼0.005 and 0.010, respectively), before increasing gradually from 6 to 24 months. Body mass index (BMI), body weight, heart rate (HR), systolic blood pressure (SBP) and diastolic blood pressure (DBP) levels decreased significantly in the HT group over the 2 years of CPAP treatment (Po0.001 for all). In contrast, only HR decreased significantly in the NT group over the 2 years of treatment (Po0.001). Multivariate regression analysis revealed that age (P¼0.008), decreases in DBP (Po0.001) and HR (Po0.001) and higher initial levels of serum high-density lipoprotein-cholesterol (P¼0.040) were independent factors related to changes in PWV over the 2 years of CPAP treatment in all patients. In conclusion, we found a significant decrease in PWV in both NT and HT patients after 6 months of CPAP treatment. In HT patients, long-term CPAP treatment significantly decreases blood pressure, which may contribute to explain the PWV improvement.
INTRODUCTION
Obstructive sleep apnea (OSA) is associated with cardiovascular and cerebrovascular mortality and morbidity, including hypertension (HT), coronary artery disease, heart failure and stroke. 1, 2 Atherosclerosis is a progressive disease that is also a pivotal risk factor for these cardiovascular disorders. OSA induces systemic HT, inflammation, 3 endothelial dysfunction 4 and disturbances in sympathetic activity, 5 all of which are known to accelerate the development of atherosclerosis. It has been shown that continuous positive airway pressure (CPAP) treatment improves these risk factors for atherosclerosis. [3] [4] [5] [6] Arterial stiffness, an indicator of worsening atherosclerosis, has been shown in OSA patients, with the degree of arterial stiffness correlated with the severity of OSA. 7, 8 Pulse wave velocity (PWV) reflects arterial stiffness associated with cardiac events, and thus the severity of atherosclerosis. 9 In addition, PWV is an independent predictor of cardiovascular mortality. 10 A few recent studies showed that CPAP effectively improved PWV when used for short periods of time. [11] [12] [13] [14] [15] However, the long-term effects of CPAP on PWV remain unclear. Previous studies of the short-term effects of CPAP on PWV were performed in normotensive (NT) OSA patients; thus, the effects of CPAP on PWV in patients with HT are unknown. The aims of this study were to evaluate the longterm effects of CPAP on PWV in both NT and HT OSA patients and to clarify the factors contributing to changes in PWV in these patients.
METHODS

Patient population
The subjects of this study consisted of 223 men who had been treated for OSA, which is a condition characterized by repeated episodes of upper airway obstruction during sleep, and 430 events of apnea and hypopnea per hour of sleep, with CPAP over a 2-year period, at the Good-Sleep Clinic from November 2004 to September 2006. Polysomnography was used for the diagnosis of OSA. Patients were followed up for at least 2 years prospectively. In all, 11 patients were subsequently excluded from the study because of poor treatment compliance, resulting in a final sample size of 212. All patients were middle aged (mean (±s.d.) age 45.0±9.3 years); 114 patients (54%) had HT, 32 (15%) had diabetes, 191 (90%) had dyslipidemia and 58 (27%) had hyperuricemia. In this study, patients were defined as having diabetes if they exhibited hyperglycemia (fasting glucose 4126 mg per 100 ml or plasma glucose 4200 mg per 100 ml 2 h after oral administration of the glucose load) or were being treated for diabetes mellitus. Patients were classified as having dyslipidemia if they exhibited hypertriglyceridemia (TG X150 mg per 100 ml), hypercholesterolemia (total cholesterol X220 mg per 100 ml), or had low HDL-cholesterol levels (HDL o40 mg per 100 ml) or were being treated for dyslipidemia. Finally, patients were determined to be hyperuricemic if their serum uric acid levels were 47 mg per 100 ml or they were being treated for hyperuricemia.
Patients were divided into two groups, those with HT (HT group; n¼114) and those without (NT group; n¼98). Normotension was defined as systolic blood pressure (SBP) o140 mm Hg and diastolic pressure (DBP) o90 mm Hg; in addition, patients in the NT group were not taking any antihypertensive medication.
Written informed consent was obtained from all patients before their inclusion in the study.
Measurement of blood pressure
Blood pressure measurements were determined on separate occasions by more than three readings of systolic and diastolic (Korotkoff phases I and V, respectively) blood pressures obtained at 5-min intervals by using a mercury sphygmomanometer, after patients had been seated for more than 10 min in a quiet room with a stable temperature and luminosity.
CPAP treatment
Patients were autotitrated and treated using an automated CPAP device (S8 Escape; ResMed, Sydney, NSW, Australia). Compliance with CPAP treatment was monitored every night over the 2-year period, with adequate compliance prospectively defined as a mean of 5 h CPAP per night.
Measurement of PWV
PWV was measured after at least a 5-min rest. Brachial-ankle PWV was detected using a volume plethysmogram (Form/ABI; Colin, Komaki, Japan). The validity and reproducibility of this technique for measuring PWV have been described previously. 16 
Measurement of percentage body fat (PBF)
PBF was calculated from the Tanita multiple regression model (BC 118D; Tanita Corporation, Tokyo, Japan), using patient height, weight and age in a sex-specific equation.
Laboratory measurements
Fasting blood samples were obtained from all patients at baseline. Serum levels of total cholesterol, high-density lipoprotein-cholesterol (HDL-C), triacylglycerol and fasting blood sugar were measured using standard enzymatic methods (Falco Biosystems, Tokyo, Japan).
Data analysis
Body mass index (BMI), PBF, heart rate (HR), SBP, DBP and PWV were measured before and after 6, 12 and 24 months of CPAP treatment. Results for the apnea-hypopnea index (calculated as the number of apnea and hypopnea events per hour of sleep), Epworth sleepiness scale, 17 lowest oxygen saturation during sleep study and blood chemistry data were evaluated before treatment. Apnea was defined as complete cessation of airflow for at least 10 s, whereas hypopnea was defined as a significant reduction (o50%) in respiratory signals for at least 10 s. 8 Data obtained at admission were compared between the NT and HT groups using Welch's t-test. Changes at 6 or 24 months are expressed as Dparameter6 and Dparameter24, respectively, where Dparameter was calculated as follows:
DParameter¼(Baseline value)À(Value after CPAP treatment) Changes in parameters (i.e., body weight, BMI, PBF, HR, SBP, DBP and PWV) were compared using two-way repeated-measures analysis of variance (ANOVA) over time and by Tukey's test at specific time points. Multiple regression analysis was applied to determine factors correlated with changes in PWV after 24 months of CPAP treatment for the total population. The correlation coefficient between DPWV6 and DPWV24 was calculated to determine the association between decreases in PWV after 6 and 24 months of CPAP treatment. Statistical analyses were performed using the SPSS software package (SPSS, Chicago, IL, USA) and Po0.05 was considered significant. All data are expressed as the mean±s.d.
RESULTS
Patient characteristics
The baseline clinical characteristics of patients in the NT and HT groups are summarized in Table 1 . Patients in the HT group were older (P¼0.002) and had a higher BMI (P¼0.037), PWV (Po0.001), apnea-hypopnea index (Po0.001), CPAP pressure (Po0.001), serum triacylglycerol (P¼0.042) and prevalence of statin use (Po0.001) than those in the NT group.
Effects of CPAP
The effects of CPAP treatment on the various parameters measured in this study are summarized in Table 2 , Figures 1 and 2 . Across the total study cohort, CPAP treatment for 2 years generally decreased BMI (Po0.001), body weight (P¼0.004), PBF (Po0.001), SBP (P¼0.003), DBP (P¼0.004) and HR (Po0.001) ( Table 2 ). There was a significant decrease in PWV in the first 6 months of treatment (P¼0.009). Although a gradual increase in PWV was observed from 6 to 24 months (P¼0.001), it remained below baseline values at 24 months.
Patients in the HT group exhibited a significant decrease in PWV after 6 months of treatment with CPAP (1538.3±209.4-1489.7 ± 204.2 cm s À1 ; P¼0.005) and significant decreases were also found for BMI ( 
Parameters related to changes in PWV
Results of stepwise multivariate regression analyses are summarized in Table 3 . Age (P¼0.008), decreases in DBP (Po0.001) and HR (Po0.001) and higher initial serum levels of HDL-C (P¼0.040) were identified as independent factors contributing to decreases in PWV after 24 months of CPAP treatment across the total study population. Furthermore, a significant correlation was found between DPWV24 and DPWV6 (r¼0.517, Po0.001).
DISCUSSION
To our knowledge, this study is the first long-term observation to evaluate the effects of CPAP on arterial stiffness in OSA patients prospectively. In both the NT and HT groups, CPAP treatment decreased PWV in the first 6 months of treatment.
This study also evaluated various clinical parameters in both NT and HT OSA patients and the effects of CPAP treatment on these parameters. Patients in the HT group were more obese and had higher PWV and serum triacylglycerol levels compared with those in the NT group. Over the 2-year course of CPAP treatment, BMI, HR and blood pressure (SBP and DBP) level decreased continuously in HT patients.
Previous studies reported decreases in PWV in NT OSA patients over a 3-to 4-month observation period. [11] [12] [13] [14] [15] In the present Long-term effect of CPAP for PWV in sleep apnea T Saito et al study, PWV in both NT and HT patients decreased initially before increasing gradually: during the initial 6 months of treatment, PWV decreased significantly and then increased gradually over the next 18 months. Despite the gradual increase in PWV over the final 18 months of treatment, PWV after 2 years of CPAP in both groups remained below baseline values. Therefore, we thought Long-term effect of CPAP for PWV in sleep apnea T Saito et al that the major effect of CPAP treatment appears within the first 6 months and the effect of CPAP on PWV in successive months is less.
The increase in PWV from 6 to 24 months coincides with the natural age-related progression in arterial stiffness and is consistent with the results of a previous study showing increases in Long-term effect of CPAP for PWV in sleep apnea T Saito et al carotid-femoral PWV over a 6-year period without any specific intervention. 18 Thus, the improvement in PWV during the present study suggests that CPAP treatment ameliorates arterial stiffness. This is particularly true for the HT group in the present study, given that Benetos et al. 18 have reported that PWV deteriorates over time in HT patients. Chronic intermittent hypoxia has been linked with the progression of arterial stiffness in patients with OSA. Several experimental and clinical studies have shown that nocturnal hypopnea induces increases in blood pressure levels 6, 19 and the progression of arterial stiffness. 18, 19 Endothelial dysfunction 4, [20] [21] [22] and disturbances of sympathetic activity 5, 23 are recognized clinical features in OSA patients that increase vascular tone and accelerate the progression of arterial stiffness. 7 Chronic intermittent hypoxia causes dyslipidaemia and initiates the development of atherosclerosis, both of which contribute to arterial stiffness. 24 Decreasing nocturnal apnea-hypopnea by CPAP treatment may protect OSA patients from the progression of arterial stiffness, as well as decreasing blood pressure in these patients.
The HR of all OSA patients in the present study decreased continuously over the 2 years of treatment. Improvements in nocturnal hypoxia and sympathetic activity probably underlie the CPAPinduced reductions in HR. Chronic intermittent hypoxia is associated with hypoxemia, leading to decreased O 2 saturation. An experimental study using mice suggested that chronic intermittent hypoxia itself induces sympathetic hyperactivation, and thus increases HR. 25 Ziegler et al., 23 showed that CPAP treatment for 10 days lowered daytime HR, as well as plasma and urine noradrenaline. In another study, 26 CPAP treatment for 3-4 days also reduced HR in OSA patients. The present study has shown, for the first time, that long-term CPAP treatment also improves HR. It seems likely that the effect of CPAP on HR could result from improvements in chronic intermittent hypoxia and suppression of sympathetic hyperactivation.
Multivariate regression analysis implicated age, decreases in DBP and HR and higher initial serum levels of HDL-C as independent factors contributing to the decrease in PWV across the entire study cohort. Experimental and clinical studies of PWV under conditions not affected by sympathetic tone indicate that PWV increases as a result of increases in HR. 27, 28 For example, PWV was higher in sympathectomized rats with a higher HR than in rats with a lower HR. 27 In addition, PWV was shown to increase in patients implanted with a pacemaker with increasing HR, measured at five different pacing frequencies. 28 The correlation between HR variation and arterial stiffness was attributed to a mechanism whereby the increase in HR shortened the time available for recoil, thereby inducing arterial stiffening. The results of the present study suggest that the decrease in HR in OSA patients reduced PWV over the 2 years of treatment with CPAP.
It is known that high blood pressure worsens arterial stiffness. 9 Arterial pressure is related directly to peripheral resistance and arterial caliber, and PWV is determined by the thickness of the arterial wall, as well as by arterial diameter. Arteries in patients with a higher DBP are under constant strong tension. This results in a decrease in arterial wall compliance and worsens arterial stiffness.
HDL-C prevents the progression of atherosclerosis by mediating the uptake of peripheral cholesterol and returning it to the liver for excretion in the bile and through the gut. 29 Recent studies have investigated the contribution of the endothelial, antiapoptotic, antithrombotic, antioxidant and anti-inflammatory effects of HDL-C to its antiatherosclerotic action. 30 This study suggests that CPAP treatment is likely to result in potentially greater improvements in arterial stiffness in OSA patients with high HDL-C levels. Incidentally, there is no relationship between improvements in PWV and statin use.
One limitation of this study is the lack of a control group consisting of patients with OSA who did not undergo CPAP treatment. All patients in the present study suffered from severe OSA that required CPAP treatment; given that OSA is a major risk factor for cardiovascular diseases, 1,2 it was not possible to include an untreated control group in the present study. Therefore, when interpreting the results of this study, we used the findings reported by Benetos et al. 18 as an indicator of the natural course of PWV progression, despite differences between measures of brachial-ankle PWV (the present study) and carotid-femoral PWV (Benetos et al. 18 ).
Another limitation of this study is the question regarding the validity of DPWV24 as a marker with which to assess reductions in PWV. In all patients in this study, PWV decreased during the first 6 months of treatment, then increased gradually over the next 18 months. This biphasic response of PWV complicated estimations of the long-term improvements in PWV. We propose that CPAP treatment improves arterial stiffness in the initial 6 months and that the following gradual increases in PWV may reflect the natural progression in PWV. This notion is supported by our findings of a significant correlation between DPWV6 and DPWV24. Thus, it seems that DPWV24 is an appropriate indicator of the long-term (over 2 years) effect of CPAP treatment in OSA patients.
In addition, one more limitation of this study is the absence of precise data regarding CPAP adherence. Although providing data Adjusted R 2 of model: 0.397
Abbreviations: AHI, apnea-hypopnea index; B, regression coefficients; CPAP, continuous positive airway pressure; HDL-C, high-density lipoprotein-cholesterol; HT, hypertensive; NT, normotensive; PWV, pulse wave velocity; b, standardized coefficient. Changes in heart rate (HR), systolic (SBP) and diastolic blood pressure (DBP) were calculated as: D¼baseline value-value after 24 months CPAP treatment.
regarding CPAP adherence overtime is an important point that should influence PWV values, we could not obtain precise usage time of CPAP, except for the confirmation of 5 h CPAP treatment.
In conclusion, we found a significant decrease in PWV in both NT and HT patients after 6 months of CPAP treatment. In HT patients, long-term CPAP treatment significantly decreases blood pressure, which may help to explain PWV improvement.
